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[51] ABSTRACT 
A fully differential operational ampli?er includes ?rst 
and second frequency dependent impedance dividers, 
preferably frequency dependent current dividers, each 
of which has an input, a noninverting output and an 
inverting output. A respective input is coupled to a 
differential input signal. The noninverting output of the 
?rst frequency dependent impedance divider is electri 
cally coupled to the inverting output of the second 
frequency dependent impedance divider, and the nonin 
verting output of the second impedance divider is elec 
trically coupled to the inverting output of the ?rst di 
vider. A current feedback buffer electrically couples 
the noninverting output of a respective frequency de 
pendent impedance divider to its associated input. The 
cross coupling and current feedback buffers provide 
positive feedback action which merges the inverting 
and noninverting differential signals as a function of 
frequency. The frequency dependent impedance divid 
ers preferably deliver substantially all of the current at 
the input thereof to the associated inverted output at 
relatively low frequencies (DC) and split the current at 
the input between the associated inverting and nonin 
verting outputs at relatively high frequencies. Each 
frequency dependent current divider may be imple 
mented by a pair of cascode transistors one of which is 
loaded by a cascoded current mirror. High DC gain 
coupled with high and symmetric slew rate and high 
common mode rejection is thereby provided. 

21 Claims, 2 Drawing Sheets 
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FULLY DIFFERENTIAL OPERATIONAL 
AMPLIFIER HAVING FREQUENCY DEPENDENT 

IMPEDANCE DIVISION 

FIELD OF THE INVENTION 

This invention relates to operational ampli?ers, and 
more particularly to fully differential operational ampli 
?ers having a pair of differential input terminals and a 
pair of differential output terminals. 

BACKGROUND OF THE INVENTION 

Operational ampli?ers are widely used in electronic 
applications. A typical operational ampli?er includes an 
output terminal, for producing an output signal which is 
proportional to the difference between two input sig 
nals applied to ?rst and second input terminals. Mathe 
matically, operational ampli?ers may be characterized 
by the relationship V,,,,,=A(V,-,,+ — V,‘,.~) where V0,‘, is 
the output voltage of the operational ampli?er, Vin+ 
and V,-,,— are the two differential input voltages of the 
operational ampli?er and A is the gain of the opera 
tional ampli?er. 
US. Pat. No. 4,963,834 to Yukawa illustrates an oper 

ational ampli?er as described above, including an input 
differential stage to which the differential input termi 
nals are connected, two folded cascode stages con 
nected to the differential input stage, an inverting ampli 
?er including two transistors for receiving outputs of 
the ?rst and second cascode stages, a current mirror 
inserted between the folded cascode stage and one of 
the two transistors, and an output terminal connected to 
a connecting point of the two transistors. One of the 
two transistors is driven by the output of the second 
folded cascode stage, and the other of the two transis 
tors is driven through the current mirror by the output 
of the ?rst folded cascode stage, so that an ampli?ed 
output is supplied from the output terminal. Other oper 
ational ampli?ers are described in US. Pat. No. 
4,797,631 to Hsu et al. and US. Pat. No. 4,958,133 to 
Bazes. 
A special type of operational ampli?er is the fully 

differential operational ampli?er. A fully differential 
operational ampli?er includes a pair of differential out 
put terminals in addition to a pair of differential input 
terminals. Accordingly, the mathematical relationship 
for a fully differential ampli?er may be expressed as 
Vain+ _ Vour_ =A(Vin+ '- Vin-)v where Vout+ and 
V0m- are the output voltages of the differential output 
terminals. Fully differential ampli?ers are widely used 
in many modern analog sampled-data applications. 
These applications include oversampled analog-to-digi 
tal converters, multistep analog-to-digital converters 
and switched capacitor ?lters. Also, many of these high 
speed applications require a high DC (open loop) gain, 
a high slew rate limit and high common mode rejection. 
The need for faster fully differential operational am 

pli?ers has resulted in the use of a current steering tech 
nique, also referred to as a folded cascode, for high 
performance applications. Fully differential operational 
ampli?ers typically include a differential input circuit 
and a pair of folded cascode ampli?ers. Unfortunately, 
it has been found that this type of fully differential am 
pli?er is slew rate limited, does not have a symmetric 
slew rate and may require auxiliary circuits to reject 
common mode variations and provide common mode 
biasing. 
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2 
A fully differential FET operational ampli?er of the 

folded cascode type is described in US. Pat. No. 
4,658,219 to Saari. Saari includes a second cascode tran 
sistor having its source connected to the source of a ?rst 
cascode transistor, and its drain connected to the source 
of a pull down transistor, so that the pull down transis 
tor feeds part of the signal to the output node as a cas 
code device. With this arrangement, the width-to 
length ratios of the transistors connected to the output 
node can be substantially reduced for an increase in the 
output impedance, while the output current drive capa 
bility of the ampli?er is maintained. This results in an 
ampli?er with increased open loop gain and reduced 
distortion. Other fully differential operational ampli?ers 
are described in U.S, Pat. Nos. 4,656,437 to Saari; 
4,667,165 to De Week; 4,668,919 to De Weck; 4,749,956 
to Torelli et al.; 4,933,644 to Fattaruso et al.; and 
4,965,468 to Nicollini et al. 

Notwithstanding the extent of developmental activity 
noted above, modern applications of fully differential 
ampli?ers require ever increasing DC gain, improved 
common mode rejection and higher symmetrical slew 
rate. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
provide an improved fully differential operational am 
pli?er. 

It is another object of the present invention to pro 
vide a fully differential operational ampli?er having 
relatively high DC gain and improved common mode 
rejection, and relatively high and symmetric slew rate. 
These and other objects are provided according to 

the present invention by a fully differential operational 
ampli?er which includes ?rst and second frequency 
dependent impedance dividers, each of which has an 
input, a noninverting output and an inverting output. A 
respective input is coupled to a respective one of the 
differential input signals. The noninverting output of 
the ?rst frequency dependent impedance divider is elec 
trically coupled to the inverting output of the second 
frequency dependent impedance divider, and the nonin 
verting output of the second impedance divider is elec 
trically coupled to the inverting output of the ?rst di 
vider. 
The fully differential operational ampli?er of the 

present invention also includes ?rst and second current 
feedback buffers, each of which has an input and an 
output. The input and the output of the ?rst current 
feedback buffer are electrically connected to the invert 
ing output of the second frequency dependent impe 
dance divider and to the input of the ?rst frequency 
dependent impedance divider, respectively. Also, the 
input and the output of the second current feedback 
buffer are electrically connected to the inverting output 
of the ?rst frequency dependent impedance divider and 
to the input of the second frequency dependent impe 
dance divider, respectively. This cross coupling of two 
frequency dependent impedance dividers along with 
current feedback buffers provides differential positive 
feedback which merges the inverting and non-inverting 
differential current signal as a function of frequency. 
High DC gain coupled with high and symmetric slew 
rate and high common mode rejection is thereby pro 
vided. A single-ended ampli?er using a frequency de 
pendent impedance divider and a current feedback 
buffer may also be provided. 
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In particular, the fully differential ampli?er of the 
present invention comprises an input differential stage 
having ?rst and second differential input stage terminals 
for receiving a pair of differential input signals, and ?rst 
and second differential stage outputs. The fully differen 
tial ampli?er also comprises ?rst and second frequency 
dependent impedance dividing means, each having an 
input, a noninverting output and an inverting output. 
The input of the ?rst frequency dependent impedance 
dividing means is electrically connected to the ?rst 
differential stage output, and the input of the second 
frequency dependent impedance dividing means is elec 
trically connected to the second differential stage out 
put. The noninverting output of the ?rst frequency 
dependent impedance dividing means is connected to 
the inverting output of the second frequency dependent 
impedance dividing means, and the inverting output of 
the ?rst frequency dependent impedance dividing 
means is electrically connected to the noninverting 
output of the second frequency dependent impedance 
dividing means. The noninverting output of the second 
frequency dependent impedance dividing means is elec 
trically connected to the ?rst output terminal of the 
differential ampli?er and the noninverting output of the 
?rst frequency dependent impedance dividing means is 
electrically connected to the second output terminal of 
the fully differential ampli?er. A ?rst current feedback 
buffer is electrically connected between the noninvert 
ing output and the input of the ?rst frequency depen 
dent impedance dividing means. A second current feed 
back buffer is electrically connected between the nonin 
verting output and the input of the second frequency 
dependent impedance dividing means. 
The input differential stage is preferably a transcon 

ductance ampli?er, for converting a differential input 
voltage between the ?rst and second differential input 
stage terminals into differential output currents at the 
?rst and second differential stage outputs. Each fre 
quency dependent impedance divider preferably com 
prises a frequency dependent current divider, which 
delivers substantially all of the current at the input 
thereof to the associated inverting output thereof at 
relatively low frequencies (DC), and splits the current 
at the input between the associated inverting and nonin 
verting outputs at relatively high frequencies. 

Since the current divider delivers all of its input cur 
rent to its inverting output path at low frequencies, 
in?nite close loop current multiplication results at low 
frequencies. High DC gain is therefore obtained. At 
higher frequencies, in order to frequency compensate 
for excess phase shift, each current divider splits its 
input current between its inverting and noninverting 
paths. In one embodiment the current may be split ap 
proximately equally. In other embodiments, different 
fractions of current splitting may be used. Current split 
ting reduces current to the positive feedback loop and 
therefore greatly reduces the closed loop current multi 
plication. 
The capacitive loading applied at the differential 

outputs of the operational ampli?er determines the fre 
quency dependence of the current dividers. When the 
output impedance becomes capacitive due to the load 
capacitance, the current dividers split their input cur 
rents equally into the corresponding inverting and non 
inverting outputs. 

In a preferred embodiment of the invention, the ?rst 
frequency dependent impedance divider includes ?rst 
and second cascode transistors, each of which is electri 
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4 
cally coupled to the input of the ?rst frequency depen 
dent impedance divider. Similarly, the second fre 
quency dependent impedance divider includes third and 
fourth cascode transistors, each of which is electrically 
coupled to the input of second frequency dependent 
impedance divider. The ?rst cascode transistor is 
loaded by the output terminal of a ?rst cascoded current 
mirror. The third cascode transistor is loaded by the 
output terminal of a second cascoded current mirror. 
High output impedance of the cascoded current mirror 
causes the associated cascode transistor to exhibit a high 
impedance at low frequencies. Capacitive loading, also 
applied at the differential outputs of the operational 
ampli?er, causes the associated cascode transistor to 
exhibit a low impedance at high frequencies. 
The second cascode transistor is loaded by the input 

terminal of the second cascoded current mirror. The 
fourth cascode transistor is loaded by the input terminal 
of the ?rst cascoded current mirror. Low input impe 
dance of the cascoded current mirror causes the associ 
ated cascode transistor to exhibit a low impedance at 
low frequencies. This impedance remains low at high 
frequencies. Accordingly, since more current flows into 
a low impedance path compared to a high impedance 
path, a frequency dependent impedance divider is pro 
vided. The impedance divider delivers its input current 
signal substantially to its inverting output at low fre 
quencies, thereby providing current positive feedback 
loop for the operational ampli?er at low frequencies, 
and splits the input current signal between its inverting 
and noninverting outputs at high frequencies, to reduce 
the current to the positive feedback loop. 
A fully differential ampli?er according to the present 

invention may be implemented using complementary 
Field Effect Transistors (FETs). First and second FETs 
of ?rst conductivity type may have their sources electri 
cally connected together and their gates electrically 
connected to a respective one of the ampli?er’s differen 
tial input terminals. Third and fourth FETs of second 
conductivity type may be provided, with the source of 
the third FET being electrically connected to the drain 
of the ?rst FET, and the drain of the third FET being 
electrically connected to the second output terminal. 
The source of the fourth FET is electrically connected 
to the drain of the second FET and the drain of the 
fourth FET is electrically connected to the ?rst output 
terminal. Fifth and sixth FETs of the second conductiv 
ity type may also be provided, with the source of the 
?fth FET electrically connected to the drain of the 
second FET, and the source of the sixth FET electri 
cally connected to the drain of the ?rst FET. Finally, 
?rst and second cascoded current mirrors may be pro 
vided, each of which includes an input and an output. 
The input of the ?rst cascoded current mirror is con 
nected to the drain of the ?fth FET, and the output of 
the ?rst cascoded current mirror is connected to the 
drain of the third FET. The input of the second cas 
coded current mirror is connected to the drain of the 
sixth FET and the output of the second cascoded cur 
rent mirror is connected to the drain of the fourth FET. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram of a fully differ 
ential operational ampli?er according to the present 
invention. 
FIG. 2 is a schematic circuit diagram of a comple 

mentary FET embodiment of the fully differential oper 
ational ampli?er of FIG. 1. 
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DESCRIPTION OF A PREFERRED 
EMBODIMENT 

The present invention now will be described more 
fully hereinafter with reference to the accompanying 
drawings, in which a preferred embodiment of the in 
vention is shown. This invention may, however, be 
embodied in many different forms and should not be 
construed as limited to the embodiment set forth herein; 
rather, this embodiment is provided so that this disclo 
sure will be thorough and complete, and will fully con 
vey the scope of the invention to those skilled in the art. 
Like numbers refer to like elements throughout. 

Referring now to FIG. 1, a schematic block diagram 
of a fully differential ampli?er according to the present 
invention is shown. Fully differential ampli?er lo in 
cludes a pair of differential inputs V,-,,+, Vin" and a pair 
of differential outputs Vom'r and V,,,,,-. The input sig 
nals are applied to a pair of differential input terminals 
21, 22 which are applied to an input differential stage 11. 
Preferably, differential stage 11 comprises a transcon 
ductance ampli?er (G,,,), which converts differential 
input voltage between lines 21 and lines 22 (i.e. Vina" 
—V,',,—)to differential output currents on lines 23 and 24 
(i.e. i,-,,+ —i,-,,-). 
A pair of frequency dependent impedance dividers 12 

and 13 are also included. Preferably, impedance divid 
ers 12 and 13 are frequency dependent current dividers, 
for distributing the current at the associated input 25, 
26, between noninverting (+) and inverting (—) out 
puts. As shown, the input 25 of the ?rst frequency de 
pendent current divider 12 is electrically connected to 
the inverting output 23 of the transconductance ampli 
?er 11, and the input 26 of the second current divider 13 
is electrically connected to the positive current output 
24 of transconductance ampli?er 11. A pair of bias 
sources 37 and 38 also provide bias current via lines 27 
and 28 respectively. 
The outputs of ?rst and second current dividers 12, 

13 are cross coupled to merge the inverting and nonin 
verting differential current signals. In particular, the 
noninverting (+) output of ?rst current divider 12 is 
connected to the inverting (—) output of the second 
current divider 13 via line 31. The inverting (—) Output 
of the ?rst current divider 12 is connected to the nonin 
verting (+) output of the second current divider 13 via 
line 32. Line 31 is electrically connected to the negative 
output terminal 33 of the fully differential ampli?er 10, 
while line 32 is electrically connected to the positive 
output terminal 34 of the fully differential ampli?er. 
Current feedback buffers 14 and 15 deliver the sum of 
the resulting output currents from each current divider 
to the original current summing nodes at the inputs of 
the current divider. 

In the preferred embodiment, each current divider 
12, 13 delivers substantially all Of its input current to its 
inverting (—) output at low frequencies. Accordingly, 
the cross coupled outputs of the current dividers and 
current feedback buffers provide an infinite closed loop 
current multiplication at DC. High DC gain therefore 
results. At higher frequencies, the current divider di 
vides its input current substantially equally between the 
noninverting (+) and 

inverting (—) outputs thereof. This compensates for 
excessive phase shift by terminating the current positive 
feedback loop, thereby greatly reducing DC gain by 
reducing the closed-loop current multiplication. 
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6 
Referring now to FIG. 2, a schematic circuit diagram 

of a preferred embodiment of the fully differential oper 
ational ampli?er of FIG. 1 will now be described. As 
shown in FIG. 2, transconductance ampli?er 11 com 
prises FETs M1 and M2 of ?rst conductivity type, here 
n-channel FETs, with the sources of FETs M1 and M2 
being connected together and the gates of FETs M1 
and M2 being connected to the ?rst and second differ 
ential input terminals 21, 22 respectively. A bias source 
39, comprising FETs M17 and M18, provide a bias 
current to the transconductance ampli?er 11. 
The input currents produced by the transconduct 

ance ampli?er 11 on lines 23 and 24 respectively, are 
each split by frequency dependent current dividers 12, 
13. Each current divider includes a pair of cascode 
transistors. The cascode transistors are provided with 
different loads so that frequency dependent current 
division takes place. In particular, the negative input 
current i,-,,— on line 23 is divided at lines 250 and 25b, 
between an FET MS of second conductivity type and 
an FET M8 of second conductivity type. 

Transistors M5 and M8 are connected in a cascode 
connection, with the sources of transistor M5 and M8 
being connected to line 25. The drain of transistor M5 is 
connected to the inverting output terminal 33. The 
drain of transistor M5 is also connected to the output of 
a ?rst cascoded current mirror comprising transistors 
M9, M13, M11, and M15 via line 31. The input of a 
second cascoded current mirror, comprising transistors 
M10, M12, M14 and M16, is provided to transistor M8 
via transistor M12. Accordingly, at low frequencies, 
transistor M5 presents a high impedance because of its 
high impedance load by output transistors M9 and M13 
of the ?rst cascoded current mirror, while transistor M8 
presents a low impedance because of its low impedance 
load by input transistors M12 and M16 of the second 
cascoded current mirror. Most of the low frequency 
current signal therefore flows into transistor M8. 

Similar operations are produced at the positive cur 
rent input ii"+ on line 24 which is produced at the drain 
of transistor M2. The output current from transistor M2 
on line 24 is provided to a pair of cascode transistors M7 
and M6 via lines 260 and 26b respectively. At low fre 
quencies, transistor M6 presents a high impedance be 
cause of its high impedance load by output transistors 
M10 and M14 of the second cascoded current mirror. In 
contrast, transistor M7 produces a low impedance be 
cause of its low impedance load by input transistors 
M11 and M15 of the ?rst cascoded current mirror. 
Accordingly, most of the low frequency current signal 
flows into transistor M7. 

Transistors M3 and M4 act as current sources 37, 38. 
Transistors M5 and M6 also provide the current feed 
back buffers 14 and 15 respectively, to complete the 
positive feedback loop. Alternatively, separate buffers 
may be provided. With the combined operation of the 
current dividers and current buffers, a high low fre 
quency gain is provided. 
The frequency dependence of the current dividers, 

12, 13 is preferably determined by the capacitive load 
ing applied to the output terminals 33, 34, and may be 
approximated by the following relationship. It can be 
shown that the frequency dependent current divider 
delivers its input current signal substantially to its in 
verting output for: 
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where w, gmg, r01, r03, r05, and CL denote radial fre 
quency, transconductance of M8, drain-to-source resis 
tance of M1, drain-to-source resistance of M3, drain-to 
source resistance of M5, and the loading capacitance of 
the output, respectively. As the frequency is increased 
above (1), the quantity of the input current signal deliv 
ered to the inverting output is monotonically reduced, 
while increasing the quantity delivered to the non 
inverting output, for frequencies up to 

1 (2) 
w > 113561. 

the current signal is divided equally between the invert 
ing and non-inverting outputs of the frequency depen 
dent current divider. Also in the preferred embodiment, 
feedforward compensation is provided by feedforward 
capacitors CF1, CFZ. At high frequencies, the feedfor 
ward capacitors bypass all the current signal to the 
noninverting output path of the corresponding current 
divider. This further reduces the gain of the operational 
ampli?er during the presence of excess phase shift to 
thereby provide additional frequency stability to the 
operational ampli?er. 
An operational description of the fully differential 

ampli?er of the present invention will now be provided. 
Considering half of the differential signal, an input volt 
age Vm + at the gate of M1 generates an input current 
on line 23. At the drain node of M1, this current sees 
multiple current paths formed by cascode transistors 
M5 and M8. The cascode impedance looking into the 
source of M5 is on the order of output impedances 
exhibited by transistors M1 and M3, since the drain of 
MS has a high impedance cascode load consisting of 
transistors M9 and M13. The other cascode transistor 
M8, only has two diode-connected transistors M12 and 
M16 in series as a load. Therefore, the current path into 
M8 has an impedance of approximately l/gmg, where 
gmg is the transconductance of the transistor M8. Since 
the current path into M8 has a signi?cantly lower impe 
dance compared to all other competing current paths 
attached to the cascode node, the majority of input 
current ?ows into the source of M8 at low frequencies. 
By the current mirror action of M10, M12, M14 and 
M16, nearly all of the input current is effectively mir 
rored onto the non-inverting output of the ampli?er at 
line 34. 

In order to carry out the current positive feedback, 
the current at the noninverting output (line 34) is fed 
back to the input section in a noninverting fashion. The 
current at the noninverting output flows to the other 
cascode node (the drain node of transistor M2), through 
transistor M6. Since the impedance looking into the 
source of M7 is negligible compared to the impedance 
as exhibited by other competing current paths at this 
cascode node, the majority of the current ?ows into the 
source of M7. By the current mirror action of M9, M11, 
M13 and M15, this current is effectively mirrored onto 
the inverting output at line 33. The resulting current at 
the inverting output ?ows back into the original cas 
code node (the drain node of M1) through M5. It will be 
understood by those having skill in the art that analo 
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8 
gous operation may be described for the other half of 
the input signal at the gate of M2. 

Thus, the current at the noninverting output is effec 
tively fed back to the starting point in noninverting 
fashion with minimum attenuation. This positive feed 
back provides a bootstrapping action with a high effec 
tive current gain, approximately equal to the transistor’s 
intrinsic gain (gmro). The above operation may be con 
trasted with known folded cascode fully differential 
operational ampli?ers, in which the output voltage is 
diminished considerably because less than the full input 
current is available to generate a voltage across a load. 
This problem is magni?ed when, in order to provide a 
high output impedance, low frequency impedance of 
the cascode is made on the order of the output impe 
dance of the transistor, which causes current division. 
This current division requires the output voltage to be 
generated by only part of the input current. Thus, cas 
code gains utilizing conventional circuit architectures 
fall short of their theoretical value. 
The dominant pole of the fully differential ampli?er 

of the present invention is determined by the equivalent 
impedance looking into the outputs 33, 34 of the ampli 
?er and the output capacitive loading. The equivalent 
output impedance of the ampli?er is approximately the 
parallel cascode impedance looking into the drains of 
M5 and M9 (or M6 and M10). At frequencies above the 
dominant pole frequency, the cascode impedance look 
ing into the drain of M5 (or M6) is greatly reduced due 
to the lowering of the effective output impedance. 
Thus, the input generated incremental current is equally 
distributed between cascode transistors M5 and M8 (or 
M6 and M7). 

Because the cascode node at the drain of M1 or M2 
can have a large intrinsic capacitance, the nondominant 
pole may be too close to the unity gain loop transmis 
sion frequency. This problem may be alleviated by in 
serting feedforward capacitor CF1 across the cascode 
transistor M5 and feedforward capacitor CF2 across the 
cascode transistor M6. The feedforward capacitors 
allow the signals to effectively bypass the cascode tran 
sistor at high frequencies. Since the cascode transistors 
are used to achieve large low frequency gain, they may 
be removed from the signal path for high frequency 
operation. Feedforward capacitors need not be inserted 
across the other pair of cascode transistors M7 or M8, 
since they do not provide a direct signal path to the 
outputs. 
An important consideration for fully differential am 

pli?ers is the symmetric operation under the full range 
of inputs, including large signal inputs. The merger of 
the inverting and noninverting signal paths in the fully 
differential operational ampli?er of the present inven 
tion allows the differential slewing behavior of the fully 
differential topology to be symmetric. In other words, 
under a large input transient which, for example, is 
applied to the noninverting input V,-,,+, transistors M5, 
M8 and M2 are effectively forced to turn off. This dy 
namically cuts off the current mirror action provided by 
M10, M12, M14 and M16. As a result, the operational 
ampli?er enters slew rate operation. The bias current 
source of transistor M4 is therefore split equally into 
transistors M6 and M7. While half of the bias current 
flows into the noninverting output through transistor 
M6, the other half flows into transistor M7 and subse 
quently into the diode-connected transistors M11 and 
M15. By the current mirror action of M9, M11, M13 
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and M15, the current in M7 is effectively mirrored into 
the inverting output of the operational ampli?er. As a 
result, inverting and noninverting outputs exhibit a 
symmetric slew rate. It will be understood that the slew 
rate is not dependent on the biasing of the output sec 
tions in the operational ampli?er. Thus, the present 
invention effectively decouples the undesirable gain and 
slew rate relationship inherent in general class A ampli 
?ers. The gain of the operational ampli?er may be in 
creased by reducing the biasing of the output transistors 
without degrading its slew rate performance. Similar 
operation may be described for a large input transmis 
sion which is applied to the inverting input V,-,,-. 
The fully differential operational ampli?er of the 

present invention also suppresses the common mode 
signal due to the merged structure of the operational 
ampli?er. It has already been described how the differ 
ential positive feedback action is achieved by merging 
the inverting and noninverting signal paths. In contrast 
to the differential operation, the common mode behav 
ior appears in both the inverting and noninverting paths 
in identical function. Therefore, the positive feedback 
loop is not seen by the common mode signal. As a re 
sult, the common mode gain is signi?cantly lower than 
the differential mode gain. Thus, the fully differential 
operational ampli?er of the present invention typically 
has suf?cient inherent common mode rejection such 
that the need for auxiliary common mode feedback may 
be eliminated. This gives signi?cant improvement in the 
differential performance over the conventional imple 
mentation with auxiliary common mode feedback, in 
terms of linearity, dynamic range, settling time and 
noise. 

It will be understood by those having skill in the art 
that the cost of obtaining this improvement is typically 
insigni?cant. In comparison to the conventional folded 
cascode operational ampli?er, only two cascode transis 
tors M7 and M8 and four diode-connected transistors 
M11, M12, M15 and M16 need be added. Since the 
output sections of the operational ampli?er typically do 
not require the external biasing circuit of the conven 
tional counterpart, the effective increase in complexity 
is minimal. 

It will also be understood by those having skill in the 
art that the transistors M9-M16 should be properly 
sized and biased so that the common mode voltage does 
not disturb the linear operation of the operational ampli 
?er. In order to alleviate the dif?culty of properly sizing 
and biasing the transistors, due to unpredictable semi 
conductor manufacturing tolerances, slow common 
mode feedback may be added to insure that the outputs 
swing in balanced fashion. This common mode feed 
back circuit need only have a small bandwidth since 
non-DC common mode behavior will be rejected by the 
operational ampli?er. 

In order to investigate the improved results of the 
fully differential operational ampli?er of the present 
invention, the ampli?er of FIG. 2 was fabricated using 
a 2 pm p-well CMOS technology. 
The performance of the ampli?er of FIG. 2 is com 

pared with a known fully differential folded cascode 
operational ampli?er which was designed with the same 
transistor sizes and bias currents. The conventional 
folded cascode operational ampli?er did not include 
transistors M7, M11, M15, M8, M12 and M16. Common 
mode feedback was added to reject common mode 
variations and provide common mode biasing. Table 1 
illustrates the operational characteristics of the opera 
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10 
tional ampli?er of the present invention and the conven 
tional folded cascode fully differential ampli?er. 

TABLE 1 
CHARACTERISTICS INVENTION CONVENTIONAL 

DC-gain 84 dB 78 dB 
gain bandwidth 90 MHz 90 MHz 
phase margin 84° 90' 
load capacitance L25 pF 125 pF 
slew-rate limit 1.60 V/us 0.4 V/[LS 
common-mode gain —42 dB — 30 dB 
power consumption 13 mW 13 mW 
output swing 2.8 V 1.0 V 
supply voltage 5.0 V 5.0 V 

It may be seen that the DC gain of the ampli?er of the 
present invention is signi?cantly higher than the con 
ventional ampli?er, using transistors with the same 
gain-bandwidth. The slew rate of the operational ampli 
?er of the present invention is signi?cantly improved 
over the conventional operational ampli?er. The output 
swing is also signi?cantly higher for the same supply 
voltage and power consumption because common 
mode feedback is not used. 
For purposes of simplicity, FIG. 2 did not illustrate 

the substrate connections of transistors M1-M18. How 
ever, these connections will be understood by those 
having skill in the art. Moreover, although FIG. 2 has 
been described using p-well CMOS transistors, other 
transistors may be used. The conductivity types may 
also be reversed from those shown in FIG. 2. It will also 
be understood by those having skill in the art that the 
cascoded current mirrors of the present invention may 
be implemented using other transistor con?gurations 
and the cascode transistors may also be implemented 
using other cascoding techniques. Similarly, the fre 
quency dependent impedance divider of the present 
invention may be implemented using topologies other 
than as illustrated in FIG. 2. 
The topology of the present invention may also be 

used in a high performance single-ended ampli?er 
which includes a single frequency dependent current 
divider, the noninverting output of which forms the 
output of the single-ended ampli?er. The inverting out 
put is connected to ground. The input of current feed 
back buffer is connected to the output of the single 
ended ampli?er and the output of the current feedback 
buffer is connected to the input of the frequency depen 
dent current divider. An input current may be applied 
to the input of the frequency dependent current divider 
via a transconductance ampli?er which converts an 
input voltage to an input current. A bias source may 
also be provided. 

In particular, referring again to FIG. 1, one side of 
the fully differential ampli?er may provide a single 
ended ampli?er. A single-ended transconductance am 
pli?er 11 may convert an input voltage at terminal 21 to 
an input current On line 23. The noninverting output 31 
of current divider 12 is electrically connected to line 33 
to form the ampli?er output terminal. The inverting 
output 32 is connected to ground. Current feedback 
buffer 14 and bias source 37 are connected as shown in 
FIG. 1. Current divider 13, Current feedback buffer 15, 
bias source 38 and the connections thereto are elimi 
nated from FIG. 1. 
The single-ended implementation delivers substan 

tially all of its current to the noninverting output 31 of 
the current divider 12 at low frequencies. At high fre 
quencies, current splitting occurs, leading to reduced 
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positive feedback current gain. High DC gain is thereby 
provided. 

In the drawings and speci?cation, there have been 
disclosed typical preferred embodiments of the inven 
tion and, although speci?c terms are employed, they are 
used in a generic and descriptive sense only and not for 
purposes of limitation, the scope of the invention being 
set forth in the following claims. 

That which is claimed: 
1, A fully differential operational ampli?er compris 

mg: 
an input differential stage having ?rst and second 

differential input stage terminals for receiving a 
pair of differential input signals, and ?rst and sec 
ond differential stage outputs; 

?rst and second frequency dependent impedance 
dividing means, each having an input, a noninvert 
ing output and an inverting output; 
the input of said ?rst frequency dependent impe 

dance dividing means being electrically con 
nected to said ?rst differential stage output, and 
the input of said second frequency dependent 
impedance dividing means being electrically 
connected to said second differential stage out 
put; and 

the noninverting output of said ?rst frequency 
dependent impedance dividing means being elec 
trically connected to the inverting output of said 
second frequency dependent impedance dividing 
means, and the inverting output of said ?rst fre 
quency dependent impedance dividing means 
being electrically connected to the noninverting 
output of said second frequency dependent impe 
dance dividing means; and 

?rst and second differential output terminals, said 
?rst differential output terminal being electrically 
connected to the noninverting output of said sec 
ond frequency dependent impedance dividing 
means, and said second differential output terminal 
being electrically connected to the noninverting 
output of said ?rst frequency dependent impedance 
dividing means; 

whereby a fully differential output signal is obtained 
at said ?rst and second differential output tenni 
nals. 

2. The fully differential ampli?er of claim 1 wherein 
said input differential stage comprises a transconduct 
ance ampli?er, for converting a differential input volt 
age between said ?rst and second differential input stage 
terminals into ?rst and second differential input currents 
at said ?rst and second differential stage outputs. 

3. The fully differential ampli?er of claim 2 wherein 
said transconductance ampli?er comprises a pair of ?eld 
effect transistors of ?rst conductivity type, a respective 
controlling electrode of which comprises a respective 
one of said ?rst and second differential input stage ter 
minals, the ?rst controlled electrodes of which are con 
nected to a source of bias current, and the respective 
second controlled electrodes of which produce said 
respective ?rst and second differential input currents. 

4. The fully differential ampli?er of claim 1 wherein 
said ?rst and second frequency dependent impedance 
dividing means comprise ?rst and second frequency 
dependant current dividing means. 

5. The fully differential ampli?er of claim 4 wherein 
said ?rst and second frequency dependent current di 
viding means deliver substantially all of the current at 
said frequency dependent current dividing means input 
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12 
to the associated inverting output at relatively low fre 
quencies, and split the current at said frequency depen 
dent current dividing means input between the associ 
ated noninverting output and inverting output at rela 
tively high frequencies. 

6. The fully differential ampli?er of claim 4 wherein 
each of said frequency dependent current dividing 
means includes ?rst and second cascode transistors, 
each of which is coupled to the input of said frequency 
dependent current dividing means. 

7. The fully differential ampli?er of claim 6 wherein 
each of said frequency dependent current dividers fur 
ther comprises a cascoded current mirror, for loading 
said ?rst and second cascode transistors. 

8. The fully differential ampli?er of claim 1 further 
comprising ?rst and second current feedback buffers, 
said ?rst current feedback buffer electrically coupling 
said ?rst differential output terminal to the input of said 
second frequency dependent impedance dividing 
means, and said second current feedback buffer cou 
pling said second differential output terminal to the 
input of said ?rst frequency dependent impedance di 
viding means. 

9. A fully differential Field Effect Transistor (FET) 
operational ampli?er comprising: 

?rst and second differential input terminals and ?rst 
and second differential output terminals; 

?rst and second FETs (M1,M2) of ?rst conductivity 
type, the sources of said ?rst and second FETs 
being electrically connected together, the gate of 
said ?rst FET being electrically connected to said 
?rst differential input terminal and the gate of said 
second FET being electrically connected to said 
second differential input terminal; 

third and fourth FETs (M5, M6) of second conduc 
tivity type the source of said third FET being elec 
trically connected to the drain of said ?rst PET and 
the drain of said third FET being electrically con 
nected to said second output terminal, the source of 
said fourth FET being electrically connected to the 
drain of said second PET and the drain of said 
fourth FET being electrically connected to said 
first output terminal; 

?fth and sixth FETs (M7,M8) of said second conduc 
tivity type, the source of said ?fth FET being elec 
trically connected to the drain of said second PET 
and the source of said sixth FET being electrically 
connected to the drain of said ?rst PET; and 

?rst and second cascoded current mirrors, each hav 
ing an input and an output, the input of said ?rst 
cascoded current mirror being electrically con 
nected to the drain of said ?fth PET, and the out 
put of said ?rst cascoded current mirror being 
connected to the drain of said third FET; the input 
of said second cascoded current mirror being elec 
trically connected to the drain of said sixth FET, 
and the output of said second cascoded current 
mirror being connected to the drain of said fourth 
FET. 

10. The fully differential ampli?er of claim 9 wherein 
said ?rst cascoded current mirror comprises seventh, 
eighth, ninth and tenth FETs (M11,M15,M9,Ml3) of 
said ?rst conductivity type, the drain of said seventh 
FET being electrically connected to the drain of said 
?fth FET, the source of said seventh FET being electri 
cally connected to the drain of said eighth FET, the 
source of said eighth FET being electrically connected 
to the source of said tenth PET, the drain of said tenth 
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FET being electrically connected to the source of said 
ninth PET, and the drain of said ninth FET being elec 
trically connected to said second output terminal, the 
gate of said seventh FET being electrically connected 
to the gate of said ninth PET and the drain of said 
seventh PET, and the gate of said eighth FET being 
electrically connected to the gate of said tenth FET and 
the drain of said eighth FET. 

11. The fully differential ampli?er of claim 10 
wherein said second cascoded current mirror comprises 
eleventh, twelfth, thirteenth and fourteenth FETs 
(M12,M16,M10,M14) of said ?rst conductivity type, the 
drain of said eleventh FET being electrically connected 
to the drain of said sixth FET, the source of said elev 
enth FET being connected to the drain of said twelfth 
FET, the source of said twelfth FET being electrically 
connected to the source of said fourteenth FET, the 
drain of said fourteenth FET being electrically con 
nected to the source of said thirteenth PET, and the 
drain of said thirteenth FET being electrically con 
nected to said ?rst output terminal, the gate of said 
eleventh FET being electrically connected to the gate 
of said thirteenth FET and the drain of said eleventh 
PET, and the gate of said twelfth FET being electri 
cally connected to the gate of said fourteenth PET and 
the drain of said twelfth FET. 

12. The fully differential ampli?er of claim 9 further 
comprising ?rst current source means (M17, M18), 
electrically connected to the sources of said ?rst and 
second FETs, for supplying current thereto. 

13. The fully differential ampli?er of claim 9 further 
comprising second and third current source means 
(M3,M4), electrically connected to the sources of said 
third and fourth FETs respectively, for supplying cur 
rent thereto. 

14. The fully differential ampli?er of claim 9 further 
comprising a ?rst capacitor electrically connected be 
tween the source and drain of said third FET, and a 
second capacitor electrically connected between the 
source and drain of said fourth FET. 

15. A fully differential Field Effect Transistor (PET) 
operational ampli?er comprising: 

?rst and second differential input terminals and ?rst 
and second differential output terminals; 

?rst and second FETs (M1,M2) of ?rst conductivity 
type, the sources of said ?rst and second FETs 
being electrically connected together, the gate of 
said ?rst FET being electrically connected to said 
first differential input terminal and the gate of said 
second FET being electrically connected to said 
second differential input terminal; 

third and fourth FETs (M5, M6) of second conduc 
tivity type the source of said third FET being elec~ 
trically connected to the drain of said ?rst PET and 
the drain of said third FET being electrically con 
nected to said second output terminal, the source of 
said fourth FET being electrically connected to the 
drain of said second PET and the drain of said 
fourth FET being electrically connected to said 
?rst output terminal; 

?fth and sixth FETs (M7,M8) of said second conduc 
tivity type, the source of said ?fth FET being elec 
trically connected to the drain of said second FET 
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and the source of said sixth FET being electrically 
connected to the drain of said ?rst FET; 

?rst and second cascode FETs (M9,M10) of said ?rst 
conductivity type said ?rst cascode FET being 
electrically connected to the drain of said third 
PET, and said second cascode FET being electri 
cally connected to the drain of said fourth FET, for 
loading said third and fourth FETs; and 

first and second diode-connected FETs (M11, M12) 
of said ?rst conductivity type, said ?rst diode-con 
nected FET being electrically connected to the 
drain of said ?fth PET, and said second diode-con 
nected FET being connected to said sixth FET, for 
loading said ?fth and sixth FETs. 

16. The fully differential ampli?er of claim 15 further 
comprising: 

third and fourth cascode FETs (M13,M14) of said 
?rst conductivity type, a respective one of which is 
electrically connected to a respective one of said 
?rst and second cascode FETs, for further loading 
said third and fourth FETs; and 

third and fourth diode-connected FETs (M15,M16) 
of said ?rst conductivity type, a respective one of 
which is electrically connected to a respective one 
of said ?rst and second diode-connected FETs, for 
further loading said fifth and sixth FETs. 

17. The fully differential ampli?er of claim 15 further 
comprising ?rst current source means (M17, M18), 
electrically connected to the sources of said ?rst and 
second FETs, for supplying current thereto. 

18. The fully differential ampli?er of claim 15 further 
comprising second and third current source means 
(M3,M4), electrically connected to the sources of said 
third and fourth FETs respectively, for supplying cur 
rent thereto. 

19. The fully differential ampli?er of claim 15 further 
comprising a ?rst capacitor electrically connected be 
tween the source and drain of said third PET, and a 
second capacitor electrically connected between the 
source and drain of said fourth FET. 

20. An ampli?er comprising: 
a transconductance ampli?er having an input and an 

output, for receiving an input voltage at the input 
thereof and for converting said input voltage to an 
input current at the output thereof; 

frequency dependent current dividing means having 
an input, a noninverting output and an inverting 
output, the output of said transconductance ampli 
?er being electrically connected to the input of said 
frequency dependent current dividing means, the 
noninverting output forming an ampli?er output 
terminal, and the inverting output being connected 
to a reference voltage; and 

current feedback buffer means, the input of which is 
electrically connected to said ampli?er output ter 
minal, and the output of which is electrically con 
nected to said input of said frequency dependent 
current dividing means. 

21. The ampli?er of claim 20 wherein said frequency 
dependent current dividing means delivers substantially 
all of the current at the input thereof to the noninverting 
output thereof at relatively low frequencies, and splits 
the current at the input thereof between the inverting 
and noninverting input thereof at relatively high fre 
quencies. 
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